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Obesity increases risk of:
• Coronary heart disease
• Type 2 diabetes
• Cancers (endometrial, breast, and colon)
• Hypertension (high blood pressure)
• Dyslipidemia (for example, high total cholesterol or high 

levels of triglycerides)
• Stroke
• Liver and Gallbladder disease
• Sleep apnea and respiratory problems
• Osteoarthritis (a degeneration of cartilage and its 

underlying bone within a joint)
• Gynecological problems (abnormal menses, infertility)
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The Pancreas



Islets of Langerhans

Bardeesy, N and RA DePinho. Nature Reviews Cancer, 2:897-990, 2002.



The Pancreatic β-cell

Brand, MD et al. Free Radic. Biol. Med., 37:755-767, 2004.



Mitochondria

Wikstrom et al., Diabetes, 56:2569-2578, 2007.

Piston, D, Vanderbilt University.



History of Mitochondria
• Eukaryotic ancestors engulfed or were infected by ancient 

bacteria ~ 2 billion years ago in symbiosis.

• Structure, energy, and information.



Mitochondrial DNA

• 37 genes = 
13 subunits 
of OXPHOS 
+ 22 tRNA + 
2 rRNA.

• ~ 2–10 
mtDNA 
copies per 
mitochondria 
and 100’s of 
mitochondria 
per cell.



mtDNA mutations

• Mutations → aging, mitochondrial dysfunction, diseases, 
cell death, etc.

• Mutation rate is 1–2 orders of magnitude higher than 
nuclear mutation rate.

• No recombination, so this high mutation rate is important in 
keeping mitochondria diverse, i.e., it is the adaptive engine.



Reactive Oxygen Species (ROS)

tain, although the reaction of superoxide with the iron
sulfur center in aconitase releases ferrous iron (12). Con-
sequently, mitochondrial superoxide production initiates a
range of damaging reactions through the production of
superoxide, hydrogen peroxide, ferrous iron, hydroxyl
radical, and peroxynitrite, which can damage lipids, pro-
teins, and nucleic acids (15). Mitochondrial function is
particularly susceptible to oxidative damage, leading to
decreased mitochondrial ATP synthesis, cellular calcium
dyshomeostasis, and induction of the mitochondrial per-
meability transition, all of which predispose cells to ne-
crosis or apoptosis (15).

Mitochondrial antioxidant defenses. Mitochondria
have a range of defenses against oxidative damage (Fig. 1).
The antioxidant enzyme MnSOD converts superoxide to
hydrogen peroxide (16). The mitochondrial isoform of
glutathione peroxidase and the thioredoxin-dependent en-
zyme peroxiredoxin III both detoxify hydrogen peroxide
(17); alternatively, hydrogen peroxide can diffuse from the
mitochondria into the cytoplasm. The mitochondrial glu-
tathione pool is distinct from that in the cytosol and is
maintained in its reduced state by a mitochondrial isoform
of glutathione reductase (17). This enzyme requires
NADPH, which is produced within mitochondria by the

FIG. 1. Mitochondrial oxidative damage. The mitochondrial respiratory chain (top) passes electrons from the electron carriers NADH and FADH2
through the respiratory chain to oxygen. This leads to the pumping of protons across the mitochondrial inner membrane to establish a proton
electrochemical potential gradient (!"H#), negative inside: only the membrane potential (!$m) component of !"H# is shown. The !"H# is used
to drive ATP synthesis by the F0F1ATP synthase. The exchange of ATP and ADP across the inner membrane is catalyzed by the adenine nucleotide
transporter (ANT) and the movement of inorganic phosphate (Pi) is catalyzed by the phosphate carrier (PC) (top left). There are also proton leak
pathways that dissipate !"H# without formation of ATP (top right). The respiratory chain also produces superoxide (O2!%), which can react with
and damage iron sulfur proteins such as aconitase, thereby ejecting ferrous iron. Superoxide also reacts with nitric oxide (NO) to form
peroxynitrite (ONOO%). In the presence of ferrous iron, hydrogen peroxide forms the very reactive hydroxyl radical (!OH). Both peroxynitrite
and hydroxyl radical can cause extensive oxidative damage (bottom right). The defenses against oxidative damage (bottom left) include MnSOD,
and the hydrogen peroxide it produces is degraded by glutathione peroxidase (GPX) and peroxiredoxin III (PRX III). Glutathione (GSH) is
regenerated from glutathione disulfide (GSSG) by the action of glutathione reductase (GR), and the NADPH for this is in part supplied by a
transhydrogenase (TH).

K. GREEN, M.D. BRAND, AND M.P. MURPHY

DIABETES, VOL. 53, SUPPLEMENT 1, FEBRUARY 2004 S111

Green, K, MD Brand, and MP Murphy, Diabetes, 53 Suppl 1:S110-S118 2004.



The Model
• Develop a mathematical model of respiration, ATP 

synthesis, and ROS production in response to glucose and 
fatty acid stimulation.

• R Bohnensack, J Bioenerg Biomembr, 14:45-61, 1982.

• D Pietrobon and SR Caplan, Biochem, 24:5764-5778, 1985.

• G Magnus and J Keizer, Am J Physiol, 273:C717-C733, 
1997, 274:C1158-C1173 and C1174-1184, 1998.

• S Cortassa et al., Biophys J, 84:2734-2755, 2003.

• R Bertram et al., J Theor Biol, 243:575-586, 2006.

• S Salinari et al., Am J Physiol Endocrinol Metab, 293:E396-
E409, 2007.



The Model
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The Mitochondria
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high-Km hexokinase isoform glucoki-
nase allows the generation of a pro-
portionate signal through glycolytic
and mitochondrial metabolism of glu-
cose (10). This results in an increased
ATP/ADP ratio, which closes an ATP-
sensitive potassium channel in the cell
membrane, thereby depolarizing the
cell membrane and activating a volt-
age-gated calcium channel. The result-
ant influx of calcium triggers secretion
of insulin granules (Figure 1).

The glucose-sensitive increase in
the ATP/ADP ratio is caused by
greater electron flux through the
mitochondrial electron-transport
system (Figure 2). Pyruvate derived
from glycolysis is transported into
the mitochondria, where it is oxi-
dized by the tricarboxylic acid (TCA)
cycle to produce NADH and reduced

flavin adenine dinucleotide (FADH2).
Mitochondrial NADH and FADH2

provide energy for ATP production
via oxidative phosphorylation by the
electron-transport chain.

Electron flow through the mito-
chondrial electron-transport chain is
carried out by four inner membrane–
associated enzyme complexes, plus
cytochrome c and the mobile carrier
coenzyme Q. NADH derived from the
TCA cycle donates electrons to Com-
plex I. Complex I ultimately transfers
its electrons to coenzyme Q. Coen-
zyme Q is also reduced by electrons
donated from several FADH2-contain-
ing dehydrogenases, such as the TCA
cycle succinate:ubiquinone oxidore-
ductase (Complex II). Electrons from
reduced coenzyme Q are then trans-
ferred to Complex III. Electron trans-

port then proceeds through cyto-
chrome c, Complex IV, and, finally, mo-
lecular oxygen.

Electron transfer through Complex-
es I, III, and IV generates a proton (volt-
age) gradient. Much of the energy of
this voltage gradient (∆µH

+) is used to
generate ATP, as the collapse of the
proton gradient through ATP synthase
(Complex V) drives the ATP synthetic
machinery. This energy can also be dis-
sipated as heat through the mediation
of uncoupling proteins (UCPs). When
the electrochemical potential differ-
ence generated by this proton gradient
is high, electron transport in Complex
III is partially inhibited, resulting in a
backup of electrons to coenzyme Q
and their donation to molecular oxy-
gen, leading to increased generation of
the free radical superoxide.

The Journal of Clinical Investigation | December 2003 | Volume 112 | Number 12 1789

Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.

 

Brownlee, J Clin Invest, 112:1788-1790, 2003.
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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in the pancreatic β cell. Following phosphory-
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ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
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+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
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increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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generate ATP, as the collapse of the
proton gradient through ATP synthase
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sipated as heat through the mediation
of uncoupling proteins (UCPs). When
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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cose (10). This results in an increased
ATP/ADP ratio, which closes an ATP-
sensitive potassium channel in the cell
membrane, thereby depolarizing the
cell membrane and activating a volt-
age-gated calcium channel. The result-
ant influx of calcium triggers secretion
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the ATP/ADP ratio is caused by
greater electron flux through the
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plex I. Complex I ultimately transfers
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donated from several FADH2-contain-
ing dehydrogenases, such as the TCA
cycle succinate:ubiquinone oxidore-
ductase (Complex II). Electrons from
reduced coenzyme Q are then trans-
ferred to Complex III. Electron trans-

port then proceeds through cyto-
chrome c, Complex IV, and, finally, mo-
lecular oxygen.

Electron transfer through Complex-
es I, III, and IV generates a proton (volt-
age) gradient. Much of the energy of
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+) is used to
generate ATP, as the collapse of the
proton gradient through ATP synthase
(Complex V) drives the ATP synthetic
machinery. This energy can also be dis-
sipated as heat through the mediation
of uncoupling proteins (UCPs). When
the electrochemical potential differ-
ence generated by this proton gradient
is high, electron transport in Complex
III is partially inhibited, resulting in a
backup of electrons to coenzyme Q
and their donation to molecular oxy-
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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by the twofold increase in oxygen consumption and accel-
erated fat oxidation measured after long-term FFA expo-
sure (11).

The UCP2 promoter contains a PPAR response element
(37). The observation that FFAs increase UCP2 mRNA
independently of their oxidation suggests an implication of
PPAR in the induction of UCP2 by FFAs. However, among
the PPAR ligand tested, only clofibrate had a modest effect
on UCP2 mRNA, suggesting that FFAs may act, at least in
part, through transcription factors other than PPAR. Long-
chain fatty acyl-CoA may be a ligand of hepatic nuclear
factor-4! and could conceivably act on the UCP2 gene via
this transcription factor (38).

The long-term effects of fatty acid on "-cell function
with respect to insulin secretion may require cellular
accumulation of long-chain fatty acyl-CoA esters or other
fatty acid derivatives acting on UCP2 expression and/or
activity (31,34), the opening of KATP channels (13), and the
expression of metabolic genes implicated in the "-cell
fuel-sensing process. Thus, fatty acids alter the expression
of several enzymes of lipid metabolism; they decrease
acetyl CoA carboxylase (39) and increase CPT-1 (5),
resulting in an increased capacity for fatty acid oxidation.
Long-term fatty acid exposure also results in an accumu-
lation of triglycerides (11,16) that could behave as an
endogenous source of FFA for oxidation and ATP gener-
ation, explaining the high rate of oxygen consumption, the
elevated redox state, and the insulin release measured
even at low glucose concentrations (11).

The absence of change in the ATP-to-ADP ratio after
long-term FFA exposure should prevent the closure of
KATP channels, the plasma membrane depolarization, and,
therefore, the increase in cytosolic Ca2#. Hyperpolariza-
tion of the mitochondria contributes to relay the increase
in cytosolic Ca2# into the mitochondria. Increase in mito-
chondrial Ca2# activates Ca2#-sensitive dehydrogenases
(40) and generates factors that potentiate or maintain
glucose-induced insulin secretion (41). Our studies show
that basal mitochondrial membrane potential as well as
hyperpolarization produced by glucose addition are lower
in fatty acid–exposed cells compared with controls. This
could also contribute to the loss of glucose-induced insulin
secretion by impairing the production of mitochondrial
signals originating directly or indirectly from the Krebs
cycle, such as glutamate (42), malate (43), or citrate (44).

The exact role of UCP2 in cell physiology is unclear.
Increase in its expression is often associated with high
fatty acid supply and suggests that this protein may
protect the cell from the consequences of a high rate of
"-oxidation (32). Formation of reactive oxygen species
(ROS) by the mitochondria is correlated to the mitochon-
drial potential (45). This raises the possibility that some
uncoupling could prevent excessive increase in mitochon-
drial potential, particularly when fatty acid oxidation is
high, thereby limiting the production of ROS (46). These
products are particularly deleterious for the "-cells, be-
cause their content in ROS-inactivating enzymes is low
(47,48). Thus, to avoid lipotoxicity and death through ROS
upon chronic exposure to elevated FFAs, "-cells might be
subject to partial mitochondrial uncoupling, resulting in
an altered ATP generation at high glucose and impaired
insulin secretion.

All of the present data do not entirely correspond with
the traditional idea of uncoupling; however, they can be
explained by a partial uncoupling of cells chronically
exposed to oleate in the presence of high glucose. Whether
this is attributable to an activation of the endogenous
UCP2 by some fatty acid derivatives and/or an increase in
UCP2 and/or a direct effect of fatty acid on the mitochon-
dria cannot be determined by the present experiments.

In summary, our data show that INS-1 and pancreatic
"-cells express UCP2 and that long-term fatty acid expo-
sure uncouples the mitochondria in association with in-
creased UCP2 mRNA and protein expression. Therefore,
UCP2 could be a link between the abundance of fatty acids
and the loss of glucose-induced insulin secretion as ob-
served in obesity-associated type 2 diabetes.
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high-Km hexokinase isoform glucoki-
nase allows the generation of a pro-
portionate signal through glycolytic
and mitochondrial metabolism of glu-
cose (10). This results in an increased
ATP/ADP ratio, which closes an ATP-
sensitive potassium channel in the cell
membrane, thereby depolarizing the
cell membrane and activating a volt-
age-gated calcium channel. The result-
ant influx of calcium triggers secretion
of insulin granules (Figure 1).

The glucose-sensitive increase in
the ATP/ADP ratio is caused by
greater electron flux through the
mitochondrial electron-transport
system (Figure 2). Pyruvate derived
from glycolysis is transported into
the mitochondria, where it is oxi-
dized by the tricarboxylic acid (TCA)
cycle to produce NADH and reduced

flavin adenine dinucleotide (FADH2).
Mitochondrial NADH and FADH2

provide energy for ATP production
via oxidative phosphorylation by the
electron-transport chain.

Electron flow through the mito-
chondrial electron-transport chain is
carried out by four inner membrane–
associated enzyme complexes, plus
cytochrome c and the mobile carrier
coenzyme Q. NADH derived from the
TCA cycle donates electrons to Com-
plex I. Complex I ultimately transfers
its electrons to coenzyme Q. Coen-
zyme Q is also reduced by electrons
donated from several FADH2-contain-
ing dehydrogenases, such as the TCA
cycle succinate:ubiquinone oxidore-
ductase (Complex II). Electrons from
reduced coenzyme Q are then trans-
ferred to Complex III. Electron trans-

port then proceeds through cyto-
chrome c, Complex IV, and, finally, mo-
lecular oxygen.

Electron transfer through Complex-
es I, III, and IV generates a proton (volt-
age) gradient. Much of the energy of
this voltage gradient (∆µH

+) is used to
generate ATP, as the collapse of the
proton gradient through ATP synthase
(Complex V) drives the ATP synthetic
machinery. This energy can also be dis-
sipated as heat through the mediation
of uncoupling proteins (UCPs). When
the electrochemical potential differ-
ence generated by this proton gradient
is high, electron transport in Complex
III is partially inhibited, resulting in a
backup of electrons to coenzyme Q
and their donation to molecular oxy-
gen, leading to increased generation of
the free radical superoxide.

The Journal of Clinical Investigation | December 2003 | Volume 112 | Number 12 1789

Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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The Complete Model
dNADHm

dt
= γ (JGlu,N + JFA,N − JO,N − JROSp,N )

dFADH2,m

dt
= γ (JGlu,F + JFA,F − JO,F − JROSp,F )

dADPm

dt
= γ (JANT − JF1F0 − JTCA,Glu − JTCA,FA)

dCam

dt
= fm (Juni − JNaCa)

d∆Ψ
dt

= (JHres,N + JHres,F + JHros,N + JHros,F − JH,atp

−JANT − JH,leak − JNaCa − 2Juni) /Cm

dROS

dt
= 2 (JROSp,N + JROSp,F )− JSE,3 − 2JSE,i − JUCP,a

dSE3

dt
= JSE,i + JSE,a − JSE,3

dSEx

dt
= JSE,i − JSE,a

dUCPi

dt
= JUCP,p − JUCP,a − JUCP,d

dUCPa

dt
= JUCP,a − JUCP,i

Table 1:

Parameter Value Units
γ 0.001 mM µM−1

fm 0.0003 unitless
Cm 1.8 µM mV−1

NADtot 10 mM
FADtot 2.75 mM

Atot 15 mM
SEtot 2 µM

p1 0.044 µM ms−1

p2 0.32 µM mM ms−1

p3 14.98 mM
p4 0.37 µM−1 ms−1

p5 0.023 mV−1

p6 0.053 µM ms−1

p7 3.752 µM
p8 0.0185 mV−1

p9 4.25 unitless
p10 0.1 µM
p11 2.125 unitless
p12 16.4688 unitless
p13 7.9688 unitless
p14 3.8 µM ms−1

p15 0.5 mM
p16 143.8274 mV
p17 17.6353 mV
p18 45.6 µM ms−1

p19 0.4242 µM ms−1

p20 17.6353 mV
p21 143.8274 mV
p22 3.3936 µM ms−1

p23 0.5 unitless
p24 1.06 unitless
p25 4.25 unitless
p26 590.7 µM mM ms−1

p27 87.3624 mM
p28 17.6353 mV
p29 143.8274 mV
p30 1772.1 µM mM ms−1

p31 20.2584 µM ms−1

p32 6.6409 unitless
p33 8.2612 mV
p34 1.5 µM−1 ms−1

p35 0.55 µM−1 ms−1

p36 0.117 ms−1

p37 8×10−8 ms−1

p38 2.8293×10−6 µM−1 ms−1

p39 1.9254×10−7 ms−1

p40 1.9254×10−7 ms−1

p41 0.004 µM mV−1 ms−1

p42 -25 mV
p43 7.6176 ms−1

UCPo 0.25 µM

2
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UCP decay and inactivation

0  15 30 60 120 240
0  

20 

40 

60 

80 

100

120

Time [min]

U
C

P
to

t [
%

 i
n

it
ia

l]

 

 

2mM glucose

10mM glucose

20mM glucose

Data from Azzu, V et al. Biochim. Biophys. Acta, 1777:1378-1383, 2008.



Glucose Dependence and 
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Altering Mitochondrial Density
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Uncoupling Protein 2: A Possible Link Between Fatty
Acid Excess and Impaired Glucose-Induced Insulin
Secretion?
Nathalie Lameloise,1 Patrick Muzzin,1 Marc Prentki,2,3 and Françoise Assimacopoulos-Jeannet1

The mechanism by which long-term exposure of the
!-cell to elevated concentrations of fatty acid alters
glucose-induced insulin secretion has been examined.
Exposure of INS-1 !-cells to 0.4 mmol/l oleate for 72 h
increased basal insulin secretion and decreased insulin
release in response to high glucose, but not in response
to agents acting at the level of the KATP channel (tolbu-
tamide) or beyond (elevated KCl). This also suppressed
the glucose-induced increase in the cellular ATP-to-ADP
ratio. The depolarization of the plasma membrane pro-
moted by glucose was decreased after oleate exposure,
whereas the response to KCl was unchanged. Cells
exposed to free fatty acids displayed a lower mitochon-
drial membrane potential and a decreased glucose-in-
duced hyperpolarization. The possible implication of
uncoupling protein (UCP)-2 in the altered secretory
response was examined by measuring UCP2 gene ex-
pression after chronic exposure of the cells to fatty
acids. UCP2 mRNA and protein were increased twofold
by oleate. Palmitate and the nonoxidizable fatty acid
bromopalmitate had similar effects on UCP2 mRNA,
suggesting that UCP2 gene induction by fatty acids does
not require their metabolism. The data are compatible
with a role of UCP2 and partial mitochondrial uncou-
pling in the decreased secretory response to glucose
observed after chronic exposure of the !-cell to ele-
vated fatty acids, and suggest that the expression and/or
activity of the protein may modulate insulin secretion in
response to glucose. Diabetes 50:803–809, 2001

Type 2 diabetes is considered a polygenic disease
aggravated by environmental factors, such as
low physical activity or a hypercaloric lipid-rich
diet (1). Obese type 2 diabetic patients show

insulin resistance of skeletal muscle, enhanced hepatic

glucose production, and decreased glucose-induced insu-
lin secretion, the molecular nature of which is still un-
known. Several studies have proposed that free fatty acids
(FFAs) could be the common factor producing gradually
in a tissue-specific manner the alterations observed in type
2 diabetes (2–4). At the level of the !-cell, long-term
exposure to fatty acids could alter the coupling of glucose
metabolism to insulin secretion by acting on the expres-
sion of specific genes or by acting directly on the activity
of some enzymes. In vitro, long-term exposure of !-cells to
FFAs increases basal insulin release, but strongly de-
creases secretion in response to glucose (4). Thus, long-
term exposure to FFAs increases the expression of
carnitine palmitoyl transferase 1 (CPT-1), which is consid-
ered the rate-limiting step in fatty acid oxidation (5).
Increased fatty acid oxidation could reduce glucose me-
tabolism through operation of the glucose–fatty acid cycle
(6), as suggested in some studies (7,8). In contrast, other
work has shown long-term effects of FFAs on glucose-
induced insulin secretion without major changes in glu-
cose oxidation or any evidence of an operative glucose–
fatty acid cycle (9–11). This suggests that other factors
account for the long-term effects of FFAs. Glucose metab-
olism in !-cells is linked to insulin secretion, at least in
part, through changes in the cytosolic ATP-to-ADP ratio
leading to the closure of KATP channels (12). This results in
depolarization of the plasma membrane and leads to
calcium entry through voltage-gated Ca2" channels and an
increase in cytosolic Ca2" (12). Among other effects, the
increase in long-chain acyl-CoA esters, resulting from
exposure to FFAs, may open KATP channels and hyperpo-
larize the !-cell; this could prevent glucose-induced clo-
sure of the channel and the consequent depolarization
(13). Chronic FFA exposure also alters the energy metab-
olism of the !-cell, elevates the redox state, and increases
basal oxygen consumption; this suggests an effect at the
level of ATP generation (11), or beyond.

Proteins of the uncoupling protein (UCP) family are
located in the inner mitochondrial membrane and act as
proton channels or transporters (14). They uncouple the
electrochemical gradient produced by the respiratory
chain from ATP synthesis. The UPC family consists of four
main isoforms with different tissue distribution. Among
them, UCP2 shows a quasi-ubiquitous expression. Fatty
acids or dietary fats increase UCP2 mRNA and protein
levels in several tissues (14,15). Leptin and troglitazone
increase its expression in isolated islets from control and
Zucker diabetic fatty (ZDF) rats (16,17).
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moted by glucose was decreased after oleate exposure,
whereas the response to KCl was unchanged. Cells
exposed to free fatty acids displayed a lower mitochon-
drial membrane potential and a decreased glucose-in-
duced hyperpolarization. The possible implication of
uncoupling protein (UCP)-2 in the altered secretory
response was examined by measuring UCP2 gene ex-
pression after chronic exposure of the cells to fatty
acids. UCP2 mRNA and protein were increased twofold
by oleate. Palmitate and the nonoxidizable fatty acid
bromopalmitate had similar effects on UCP2 mRNA,
suggesting that UCP2 gene induction by fatty acids does
not require their metabolism. The data are compatible
with a role of UCP2 and partial mitochondrial uncou-
pling in the decreased secretory response to glucose
observed after chronic exposure of the !-cell to ele-
vated fatty acids, and suggest that the expression and/or
activity of the protein may modulate insulin secretion in
response to glucose. Diabetes 50:803–809, 2001

Type 2 diabetes is considered a polygenic disease
aggravated by environmental factors, such as
low physical activity or a hypercaloric lipid-rich
diet (1). Obese type 2 diabetic patients show

insulin resistance of skeletal muscle, enhanced hepatic

glucose production, and decreased glucose-induced insu-
lin secretion, the molecular nature of which is still un-
known. Several studies have proposed that free fatty acids
(FFAs) could be the common factor producing gradually
in a tissue-specific manner the alterations observed in type
2 diabetes (2–4). At the level of the !-cell, long-term
exposure to fatty acids could alter the coupling of glucose
metabolism to insulin secretion by acting on the expres-
sion of specific genes or by acting directly on the activity
of some enzymes. In vitro, long-term exposure of !-cells to
FFAs increases basal insulin release, but strongly de-
creases secretion in response to glucose (4). Thus, long-
term exposure to FFAs increases the expression of
carnitine palmitoyl transferase 1 (CPT-1), which is consid-
ered the rate-limiting step in fatty acid oxidation (5).
Increased fatty acid oxidation could reduce glucose me-
tabolism through operation of the glucose–fatty acid cycle
(6), as suggested in some studies (7,8). In contrast, other
work has shown long-term effects of FFAs on glucose-
induced insulin secretion without major changes in glu-
cose oxidation or any evidence of an operative glucose–
fatty acid cycle (9–11). This suggests that other factors
account for the long-term effects of FFAs. Glucose metab-
olism in !-cells is linked to insulin secretion, at least in
part, through changes in the cytosolic ATP-to-ADP ratio
leading to the closure of KATP channels (12). This results in
depolarization of the plasma membrane and leads to
calcium entry through voltage-gated Ca2" channels and an
increase in cytosolic Ca2" (12). Among other effects, the
increase in long-chain acyl-CoA esters, resulting from
exposure to FFAs, may open KATP channels and hyperpo-
larize the !-cell; this could prevent glucose-induced clo-
sure of the channel and the consequent depolarization
(13). Chronic FFA exposure also alters the energy metab-
olism of the !-cell, elevates the redox state, and increases
basal oxygen consumption; this suggests an effect at the
level of ATP generation (11), or beyond.

Proteins of the uncoupling protein (UCP) family are
located in the inner mitochondrial membrane and act as
proton channels or transporters (14). They uncouple the
electrochemical gradient produced by the respiratory
chain from ATP synthesis. The UPC family consists of four
main isoforms with different tissue distribution. Among
them, UCP2 shows a quasi-ubiquitous expression. Fatty
acids or dietary fats increase UCP2 mRNA and protein
levels in several tissues (14,15). Leptin and troglitazone
increase its expression in isolated islets from control and
Zucker diabetic fatty (ZDF) rats (16,17).
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acids. UCP2 mRNA and protein were increased twofold
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aggravated by environmental factors, such as
low physical activity or a hypercaloric lipid-rich
diet (1). Obese type 2 diabetic patients show
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glucose production, and decreased glucose-induced insu-
lin secretion, the molecular nature of which is still un-
known. Several studies have proposed that free fatty acids
(FFAs) could be the common factor producing gradually
in a tissue-specific manner the alterations observed in type
2 diabetes (2–4). At the level of the !-cell, long-term
exposure to fatty acids could alter the coupling of glucose
metabolism to insulin secretion by acting on the expres-
sion of specific genes or by acting directly on the activity
of some enzymes. In vitro, long-term exposure of !-cells to
FFAs increases basal insulin release, but strongly de-
creases secretion in response to glucose (4). Thus, long-
term exposure to FFAs increases the expression of
carnitine palmitoyl transferase 1 (CPT-1), which is consid-
ered the rate-limiting step in fatty acid oxidation (5).
Increased fatty acid oxidation could reduce glucose me-
tabolism through operation of the glucose–fatty acid cycle
(6), as suggested in some studies (7,8). In contrast, other
work has shown long-term effects of FFAs on glucose-
induced insulin secretion without major changes in glu-
cose oxidation or any evidence of an operative glucose–
fatty acid cycle (9–11). This suggests that other factors
account for the long-term effects of FFAs. Glucose metab-
olism in !-cells is linked to insulin secretion, at least in
part, through changes in the cytosolic ATP-to-ADP ratio
leading to the closure of KATP channels (12). This results in
depolarization of the plasma membrane and leads to
calcium entry through voltage-gated Ca2" channels and an
increase in cytosolic Ca2" (12). Among other effects, the
increase in long-chain acyl-CoA esters, resulting from
exposure to FFAs, may open KATP channels and hyperpo-
larize the !-cell; this could prevent glucose-induced clo-
sure of the channel and the consequent depolarization
(13). Chronic FFA exposure also alters the energy metab-
olism of the !-cell, elevates the redox state, and increases
basal oxygen consumption; this suggests an effect at the
level of ATP generation (11), or beyond.

Proteins of the uncoupling protein (UCP) family are
located in the inner mitochondrial membrane and act as
proton channels or transporters (14). They uncouple the
electrochemical gradient produced by the respiratory
chain from ATP synthesis. The UPC family consists of four
main isoforms with different tissue distribution. Among
them, UCP2 shows a quasi-ubiquitous expression. Fatty
acids or dietary fats increase UCP2 mRNA and protein
levels in several tissues (14,15). Leptin and troglitazone
increase its expression in isolated islets from control and
Zucker diabetic fatty (ZDF) rats (16,17).
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RESULTS

FSOGTT300-22. Mean plasma glucose, C-peptide, and insulin
concentrations during the FSOGTT300-22 are shown in Fig. 2. The
C-peptide minimal model well describes experimental data, as
shown by the weighted residual plot (Fig. 3). Average !-cell sen-
sitivity indexes were as follows: "d = 715 ± 120 and "s = 33 ± 3
(means ± SE). They were estimated with good precision for all
subjects with an average CV of 25 ± 4 and 9 ± 1%, respectively.
The ISR profile was also reconstructed and is shown in Fig. 4.
Average SI was 10.1 ± 2.3, and its precision averaged 12 ± 1%.
OGTT300-9. The C-peptide minimal model is obviously able to
fit the reduced data set (Fig. 3), but "d values (1,114 ± 224, CV
44 ± 9%) were statistically different from those estimated
by using the FSOGTT300-22 (Fig. 5) and were not correlated
with them (Fig. 6). The early portion of the ISR profiles (not
shown) was not superimposable to that calculated using the

FSOGTT300-22. These results indicate that OGTT300-9 does not
accurately describe the early portion of the data, where the
dynamic control of glucose is active. The values of "s (35 ± 4,
CV 15 ± 4%) and SI (10.1 ± 2.4, CV 13 ± 1%), on the other hand,
did not significantly change (Figs. 5 and 6).
OGTT300-11. All the indexes, including "d, were not different
from and were well correlated with those obtained from
the FSOGTT300-22 ("d = 710 ± 111, CV 39 ± 5%; "s = 36 ± 3, CV
13 ± 3%; SI = 10.2 ± 2.4, CV 13 ± 1%) (Figs. 5 and 6). Individual
values of "d, "s, and SI are summarized in Table 2, together with
their precision. The average ISR profiles estimated using the two
protocols were also very similar (Fig. 4), thus indicating that the
more accurate description of the early portion of the experiment
by OGTT300-11 with respect to OGTT300-9 is essential to obtain
results similar to those of the FSOGTT300-22. The weighted resid-
ual plot of the C-peptide minimal model is shown in Fig. 3.

FIG. 2. Average (mean ± SE, n = 11) concentration of plasma glucose,
C-peptide, and insulin obtained during the 75-g FSOGTT300-22.

FIG. 3. Average weighted residuals of the C-peptide minimal model.DIABETES, VOL. 50, JANUARY 2001 151
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catheters were placed into antecubital veins. The blood sampling arm was
heated to obtain arterialized venous samples. At time 0, subjects ingested a 75-g
glucose load. Blood samples were collected at –15, 0, 10, 20, 30, 45, 60, 75, 90, 105,
120, 135, 150, 165, 180, 195, 210, 225, 240, 255, 270, 285, and 300 min for mea-
surement of glucose, insulin, and C-peptide concentrations. This complete pro-
tocol, consisting of 22 blood samples taken in a 300-min period after glucose
ingestion, will be referred to as frequently sampled OGTT (FSOGTT300-22).

OGTT protocols with reduced data sets were also considered (Fig. 1): 1) sam-
pling schedule similar to the one commonly adopted for a standard OGTT, with
samples at 0, 30, 60, 90, 120, 150, 180, 240, and 300 min (9 samples through-
out 300 min) referred to as OGTT300-9; 2) same as 1) with two additional samples
at 10 and 20 min (OGTT300-11); 3) same as 2) but without the 300-min sample,
thus shortening the duration of the test from 5 to 4 h (OGTT240-10).
Assay. Plasma glucose was measured immediately using a glucose analyzer
(YSI Model 2300 STAT; Yellow Springs Instruments, Yellow Springs, OH). The
coefficient of variation (CV) of this method was <2%. Serum insulin was
assayed by a double-antibody technique (11) with a lower limit of sensitivity
of 20 pmol/l and an average intra-assay CV of 6%. The cross-reactivity of

proinsulin in the radioimmunoassay for insulin was ~40%. Plasma C-peptide
was measured as previously described (12). The lower limit of sensitivity of
the assay was 0.02 nmol/l and the intra-assay CV averaged 6%.
!-Cell function. The minimal model of C-peptide secretion and kinetics
originally applied to intravenous glucose graded infusion data (5) has been
applied to assess !-cell secretion during an oral glucose perturbation.

C-peptide kinetics are described by using the well-known two-compartment
model originally proposed by Eaton et al. (13):

.
CP1(t) = –[k01 + k21]CP1(t) + k12CP2(t) + SR(t) CP1(0) = 0 (1)

.
CP2(t) = k21CP1(t) – k12CP2(t) CP2(0) = 0 (2)

where the overdot indicates time derivative; CP1 and CP2 (nmol/l) are C-pep-
tide concentrations above basal in the accessible and peripheral compart-
ments, respectively; kij (min–1) are C-peptide kinetic parameters; and SR (pmol ·
l–1 · min–1) is the pancreatic secretion above basal, entering the accessible com-
partment, normalized by the volume of distribution of compartment 1.

TABLE 1
Clinical characteristics of the study subjects

Glucose tolerance Age (years) Sex (M/F) Weight (kg) Height (cm) BMI (kg/m2)

Subject
1 IGT 20 F 75.7 161.7 29.0
2 NGT 50 F 82.6 165.8 30.0
3 NGT 28 F 68.4 169.6 23.8
4 IGT 30 M 64.0 173.5 21.3
5 NGT 44 M 94.9 191.5 25.9
6 NGT 45 M 73.7 162.8 27.8
7 IGT 37 F 99.6 164.2 36.9
8 NGT 26 M 100.7 182.2 30.3
9 IGT 36 F 100.4 147.4 46.2
10 NGT 43 F 84.9 168.8 29.8
11 NGT 46 F 92.7 164.1 34.4

Mean 37 4/7 85.2 168.3 30.5
SE 3 — 4.0 3.5 2.1

FIG. 1. The original FSOGTT300-22 sampling schedule and its reduced versions.

• C-peptide is secreted with insulin.
• The liver extracts insulin from the portal vein.
• C-peptide is not removed by the liver.

dC(t)
dt

= −(k1 + k3)C(t) + k2Y (t) + S(t)

dY (t)
dt

= k1C(t)− k2Y (t)

S(t) = −k1C(t0)e−k2(t−t0) − k1k2

∫ t

t0

C(s)e−k2(t−s)ds +
dC

dt
+ (k1 + k3)C(t)

References:
Eaton, RP et al. J. Clin. Endocrin. Metab. 51:520-528, 1980.
Van Cauter, E et al. Diabetes, 41:368-377, 1992.
Breda, E et al. Diabetes, 50:150-158, 2001.
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S(t) = ka
ATP

ADP
+ krROS − kb



Conclusions

• The model we developed is capable of predicting 
mitochondrial responses to nutrient inputs (glucose and fatty 
acids).

• In the pancreatic β-cell, mitochondria (ROS, UCP, 
antioxidants) play a central role in cellular function (or 
dysfunction) as it relates to insulin secretion.

• The model can be generalized to mitochondria in other tissues.

• Mitochondria serve a systemic function: one that can suggest 
holistic metabolic therapies.
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Obesity Trends* Among U.S. Adults
BRFSS, 2006

(*BMI !30, or ~ 30 lbs. overweight for 5’ 4” person)

 No Data          <10%           10%–14%     15%–19%           20%–24%          25%–29%           !30% 

Source: Behavioral Risk Factor Surveillance System, CDC.

Obesity Trends* Among U.S. Adults
BRFSS, 2007

(*BMI !30, or ~ 30 lbs. overweight for 5’ 4” person)

 No Data          <10%           10%–14%     15%–19%           20%–24%          25%–29%           !30% 

Source: CDC Behavioral Risk Factor Surveillance System.

1998

Obesity Trends* Among U.S. Adults
BRFSS, 1990, 1998, 2007

(*BMI !30, or about 30 lbs. overweight for 5’4” person)

2007

1990

No Data          <10%           10%–14%     15%–19%           20%–24%          25%–29%           !30%  


